One-, 4-, and lo-week-old pigs were exposed to porcine reproductive and respiratory syndrome virus (PRRSV) to determine the effect of age on clinical signs, hematologic alterations, the onset and duration of viremia, routes of virus shedding, antibody production, and microscopic lesions produced by PRRSV isolate ATCC VR-2332. The response to PRRSV infection was similar among age groups. Fever, usually prolonged, and a marked dyspnea with cutaneous erythema when restrained for sample collection were the most consistent clinical signs. Prolonged periocular edema was unique to the l-week-old pigs. The white blood cell count was decreased on day 4 postexposure (PE) due to decreases in neutrophils and lymphocytes. The virus was isolated from buffy coats at day 1 PE and was isolated from serum, buffy coat, or plasma at each sample collection period through the end of the trial (day 28 PE). Virus was most consistently isolated from lung, lymph node, spleen, and tonsil on day 7 PE and exclusively from lymph node, spleen, and tonsil on day 28 PE. Virus was infrequently isolated from urine and fecal and nasal swabs. Consistent microscopic changes in all age groups included interstitial pneumonia and lymph node hypertrophy and hyperplasia on days 7 and 28 PE, lymph node necrosis on day 7 PE, and subacute mononuclear myocarditis on day 28 PE. Findings presented here indicate that interstitial pneumonia, lymphoid necrosis, and mononuclear myocarditis are characteristic lesions of PRRSV isolate ATCC VR-2332 infection in 1-, 4-, and lo-week-old pigs.
Porcine reproductive and respiratory syndrome (PRRS), a recently emerging disease of swine, causes pneumonia and late term abortion characterized by stillborn pigs, partially autolyzed fetuses, and weak live-born pigs. [8] [9] [10] [11] [14] [15] [16] 18, 24, 25 In conventional pigs, this virus causes fever, marked dyspnea ("thumping"), flulike signs, and an increase in pneumonia from opportunistic bacteria. ll,14,l6,18 Clinical signs in PRRS virus (PRRSV)-infected gnotobiotic pigs are inappetence, fever, diarrhea, hyperpnea, dyspnea, and rough hair coats. 9 Clinical signs of the disease are reported to be more severe in neonatal pigs. The disease is caused by a positive-strand enveloped RNA virus closely related to lactate dehydrogenase-elevating virus (LDEV), equine arteritis virus (EAV), and simian hemorrhagic fever virus (SHF) and will probably be classified in the family Arteriviridae. 4, 17, 20 To determine the effect of age on disease, l-, 4-, and 10-week-old pigs were intranasally exposed to PRRSV. Hematologic alterations, onset and duration of vire-at a later date, and necropsy results are not included with this study).
The 5 pigs from each group not euthanized on day 7 PE (randomly designated upon arrival) were used in an antibody response study. Pigs were injected intramuscularly with Brucella abortus antigen and an Escherichia coli vaccine containing pilus antigens K88, K99, 987P, and F41 on days 1 and 17 PE. The killed PRV vaccine was repeated on day 10 PE. Results of the antibody response will be published separately.
Clinical signs were recorded at approximately the same time each day beginning 3 days prior to exposure and continuing to the end of the study on day 28 PE. Clinical signs monitored included body temperature, anorexia, hyperpnea, dyspnea, sneezing (2) (3) (4) sneezes in a 15-min period was mild, 4-6 was moderate, and 6-8 was severe), nasal discharge, coughing, lethargy, cutaneous erythema, lacrimation, periocular edema (a subjective assessment of soft periorbital swelling), conjunctival inflammation, diarrhea, lymphadenopathy, dependent edema, and central nervous system signs such as ataxia, tremors, convulsions, paralysis, and unconsciousness.
Virus infection. PRRSV (isolate ATCCVR-2332, 3rd passage in cell line CL2621) f at 10 4.3 TCID 50 /ml was instilled into the nose at 1 ml/nostril for each virus-challenged pig. The inoculum was administered slowly and on inspiration for approximately 3 min/pig. An equal amount of uninfected cell culture was administered in the same manner to control pigs.
Specimen collection. Nasal, fecal, and conjunctival swabs and clotted and heparinized blood were collected on the day before exposure and on days 1, 4, 7, 14, 21 , and 28 PE for virus isolation (swabs, buffy coat, serum, and plasma), PRRS serum antibody determination, and complete blood counts. g Tissues and urine for virus isolation and tissue for histopathology were collected at necropsy on days 7 and 28 PE.
Preparation of specimens for virus isolation. A 10% suspension of each tissue sample (lung, thymus, spleen, tonsil, mediastinal lymph node, heart, brain, and bone marrow) was prepared in Hanks' balanced salt solution (HBSS) prior to cell inoculation. Serum, plasma, and buffy coat (buffy coat aspirated from centrifuged, heparinized blood and washed with HBSS) were inoculated into cell cultures. Dacron nasal, conjunctival, and fecal swabs h obtained from live animals were expressed in tubes with 1.5 ml of HBSS. Fecal swab suspensions were centrifuged at 3,000 RPM for 20 min, and the resulting supernatant was passed through a 0.45-µm hydrophilic cellulose acetate membrane.' The resulting suspensions were used as inocula. Urine was filtered and inoculated both undiluted and at a 1:5 dilution.
Virus isolation. An established cell line, CL2621, f was used for virus isolation and propagation. The growth medium consisted of Eagle's minimum essential medium with Earle's salts, 10% fetal bovine serum, and antimicrobials (penicillin, streptomycin, gentamicin, and amphotericin B). Virus isolation was performed by inoculating 48-well plates containing a monolayer of CL2621 maintained at 37 C in a humidified incubator with 5% CO,. If cytopathic effects (CPE) were observed, the presence of virus was confirmed by an indirect fluorescent antibody (IFA) technique using a polyclonal anti-PRRSV antibody j and an anti-species conjugate. k In the absence of CPE, the cells were blind passaged into 48-well plates containing CL2621 cells. One week postinoculation, or as soon as CPE appeared, the plates were washed with phosphate-buffered saline (PBS), fixed in absolute ethanol at -20 C for 12 hr, washed 3 times with PBS, and examined for PRRSV antigen by IFA technique. Brain samples from pigs with mononuclear perivascular cuffing and/or gliosis were submitted to the National Veterinary Services Laboratory, Ames, Iowa, for enterovirus culture.
Histopathology. The following tissues were collected for microscopic examination: lung, brain, heart, kidney, tonsil, thymus, spleen, bone marrow, ileum, colon, eyelids, nasal turbinates, adrenal gland, liver, gall bladder, bile duct, stomach, and mediastinal, medial and lateral retropharyngeal, superficial inguinal, mandibular, and mesenteric lymph nodes. Formalin-fixed tissue was embedded in paraffin, sectioned at 4 µm, and stained with hematoxylin and eosin (HE).
Microbiology. One section from each lung was cultured aerobically on 5% sheep blood (with a nurse colony of coagulase negative Staphylococcus sp.), MacConkey, brilliant green, and colistin nalidixic agars. Lung was also cultured in tetrathionate broth. Lung sections from principal and control pigs were tested for swine influenza virus and Mycoplasma hyopneumoniae by fluorescent antibody technique. 3, 5 Feces from diarrheic pigs were examined for virus particles by electron microscopy. l2 Serology. Serum samples were tested for anti-PRRSV antibodies at dilutions of 1:20, 1:40, 1:80, 1:160, 1:320, 1:640, and 1:1,280 with an IFA test using VR-2332 PRRSV-infected CL2621 cell monolayers as the antigen and a fluorescein-labeled anti-species conjugate as the indirect stain. 27 Statistical analysis. White blood cell and body temperature data were subjected to statistical analysis using repeated measures analysis of variance.
Results
All of the exposed animals had mild clinical signs of disease. Evidence of disease included fever, dyspnea with transient (approximately 5-l0-minute) cutaneous erythema, periocular edema, scrotal edema, hyperpnea, lethargy, lymphopenia, and neutropenia as compared with control pigs.
Clinical findings
One-week-old pigs. The mean body temperature in the principal l-week-old pigs was elevated as compared with that of the controls on days 3, 5-14, 16, and 18 PE (P < 0.05). There was an increase in the frequency of sneezing in the principal pigs during days 6-l2 PE. Seven of 9 principal pigs had periocular edema as early as day 6 PE. Periocular edema persisted in 5 of 5 surviving pigs to day 23 PE, with an average duration of 15 days. The conjunctiva of 4 of 5 pigs was slightly reddened on days 7-l3 PE. Two of 2 intact male pigs had mild scrotal edema on days 1l-l3 and 11-14 PE, respectively.
Four-week-old pigs. The mean body temperature Temperature degrees C 40.6 I in the principal 4-week-old pigs was elevated as compared with that of the controls on days 2-4, 6, 13-16, 40.4 and 17 PE (P < 0.05). Both groups of pigs had an 40.2 increased frequency of sneezing (days -3 to 7 PE in 40.
the control pigs and days -2 to 14 PE in the principal pigs). Principal pigs and control pigs had pasty to liquid 39. 8 green feces on days 14-21 and 19-25 PE, respectively.
39.6
Ten-week-old pigs. The mean body temperature in the principal lo-week-old pigs was elevated as com-
39.4
pared with that of the control pigs on days 2-10 and 39.2 11 PE (P < 0.05). Principal pigs had an increased 39 respiratory rate, as compared with that of the control Statistical analysis of body temperature data indicated no effect of age on response to infection but did indicate a prolonged elevated body temperature in infected pigs as compared with control pigs (P < 0.05) ( Fig. 1 ). Elevated body temperatures on days 1 and 17 PE were associated with vaccination with the antibody response study.
in conjunction
White blood cells. Similar changes were observed in the white blood cell (WBC) counts of each principal pig group. The WBC count was decreased (P < 0.05) in the principal groups on day 4 PE because of decreases (P < 0.05) in lymphocytes, neutrophils, and monocytes and despite an increase in band neutrophils (P < 0.05). The WBC and component cell counts returned to approximately pretreatment levels by day 7 PE in all but the 4-week-old principal pigs, whose WBC count remained elevated throughout the trial as compared with pretreatment levels but was not significantly different (P > 0.05) as compared with that of the 4-week-old control pigs on days 14, 21, and 28 PE.
Gross lesions
Principal and control pigs in any age group did not have gross lesions on day 7 PE. One of 3 10-week-old principal pigs had tan consolidation in all of the left apical and 50% of the left middle lung lobes at day 28 PE.
Microscopic changes: day 7 PE
Principal pigs. Pigs from each principal age group had lung lesions characterized by alveolar proteinaceous and karyorrhectic debris interspersed with macrophages and neutrophils ( Table 1 , Figs. 2, 3) . Alveolar lumens in the l-week-old exposed pigs contained syncytial cells and mild type II pneumocyte hyperplasia and hypertrophy (2/4) ( Fig. 2 ). Alveolar septa in pigs from each exposed age group were thickened with increased numbers of interstitial macrophages and lymphocytes ( Fig. 4) . Lungs in the principal lo-week-old pigs had a moderate to marked increase in peribronmono-chiole lymphoid tissue and mild to moderate nuclear perivascular cuffing.
Lymphoid tissue in exposed pigs of all age groups had single to multiple foci of germinal center necrosis characterized by pyknotic lymphocyte nuclei and karyorrhectic debris ( Table 2 , Fig. 5 ). The germinal centers of the caudal mediastinal lymph nodes in the l-weekold principal pigs were enlarged and had many blast lymphocytes. The 10-week-old principal pigs had germinal center necrosis with germinal center hyperplasia and hypertrophy. Numerous lymph nodes (medial or lateral retropharyngeal mandibular, superficial inguinal) and the spleen exhibited germi nal center hypertrophy and hyperplasia.
The nasal turbinate mucosae of the l-week-old pigs had infrequent intraepithelial clear spaces containing small amounts of cell debris, accompanied by a marked lymphoplasmacytic cell population in the lamina propria. Principal 4-and 10-week-old pigs had increased lymphoplasmacytic cell populations in the nasal turbinate lamina propria as compared with control pigs.
A few vessels in the cerebrum of 4-and 10-weekold principal pigs (2/3) had mild mononuclear vascular cuffing. One 4-week-old principal pig had focal mononuclear gliosis old principal pigs did not perimild in the medulla. The l-weekhave cerebral lesions. Fourweek-old principal pigs had marked mononuclear perivascular cuffing in the choroid plexus (2/3). One l-week-old principal pig had mild cerebellar perivascular cuffing on day 7 PE. There was mild mononuclear perivascular cuffing in the cerebellum of 4-week-old principal pigs (3/3). The 10-week-old principal pigs did not have cerebellar lesions.
Lesions were not observed in the heart, thymus, liver, kidney, eye, eyelids, nictitating membrane, gall bladder, bile duct, stomach, or adrenal gland on day 7 PE. Table 2 . Necrosis in lymphoid tissues of pigs experimentally exposed to porcine reproductive and respiratory syndrome virus.
exposed to porcine reproductive and respiratory syndrome virus.
Control pigs. The lung in each control age group had interstitial lymphocytes varying in number from none to moderate in individual pigs ( Table 3 , Fig. 6 ). Lungs in the control lo-week-old pigs had moderate to marked lymphocytic peribronchitis and mild to moderate mononuclear perivascular cuffing.
The medial or lateral retropharyngeal lymph node had focal hemorrhage in one lo-week-old control pig and an increase in blast lymphocytes in one 4-weekold control pig on day 7 PE. plasma cells in the nasal turbinate lamina propria on day 7 PE.
The l-week-old control pigs did not have nasal turbinate lesions on day 7 PE. Control 4-and 10-weekold pigs had increased numbers of lymphocytes and
The cerebrum of 1 4-week-old and 1 10-week old control pig had mild mononuclear perivascular cuffing. The cerebrum of the l-week-old control pigs did not have lesions. There was mild mononuclear perivascular cuffing in the cerebellum of 4-week-old control pigs (2/3). The 1-and 10-week-old control pigs did not have cerebellar lesions. 
Microscopic changes: day 28 PE
Lymphoid hyperplasia and hypertrophy, but not ne-Principal pigs. Two of 3 pigs from each principal crosis, were common findings in various lymph nodes group had lung lesions similar to those seen on day 7 and lymphoid tissue in each principal age group. Af-PE ( Table 1 ). All affected principal pigs had an inter-fected lymph nodes and lymphoid tissue included the stitial cell population identical to that found on day 7 caudal mediastinal, medial/lateral retropharyngeal, PE. Peribronchiolar lymphocytic proliferation was mandibular, and ileocolic lymph nodes. Each principal prominent in 1 1-week-old principal pig. Both the group had increases in germinal center size and in num-4-and 10-week-old principal groups had lymphocytic bers of blast lymphocytes. There was focal hemorrhage peribronchitis. There were perivascular mononuclear in the ileal submucosa1 lymphoid tissue in 1 10-weekcuffs in pigs from the 4-and 10-week-old principal old principal pig and colonic submucosa1 mononuclear groups.
perivascular cuffing in 1 1-week-old principal pig. The hearts of principal pigs in each age group had myocardial interstitial foci of various sizes composed primarily of lymphocytes with smaller numbers of plasma cells (1-week-olds, l/3; 4-week-olds, 2/3; 10week-olds, 2/3) ( Fig. 7) .
Many lymphocytes and plasma cells were in the nasal turbinate lamina propria of each 1-week-old principal pig. Four-and lo-week-old principal pigs (3/3 and 3/3, respectively) had many lymphocytes and plasma cells in the nasal turbinate lamina propria.
The cerebrum in 1 pig from each principal age group had mild mononuclear perivascular cuffing. The cer-ebellum of 1-week-old (l/3) and 10-week-old (2/3) pigs had mild lymphocytic perivascular cuffing.
Lesions were not observed in the tonsil, spleen, superficial inguinal lymph node, thymus, liver, kidney, eye, eyelids, nictitating membrane, gall bladder, bile duct, stomach, or adrenal gland.
Control pigs. The lungs of 4-and 10-week-old control pigs had mild to moderate lymphocytic peribronchitis and increased numbers of lymphocytes in the alveolar septa.
The nasal turbinate lamina propria of the 4-and 10week-old control pigs (2/3 and 3/3, respectively) had a moderate to marked increase in lymphocytes and plasma cells. The 1-week-old control pigs did not have turbinate lesions.
The 4-and 10-week-old control pigs had mild, mononuclear perivascular cuffing in the cerebrum (l/3 and 3/3, respectively) and cerebellum (l/3 and 2/3, respectively).
The lymph nodes and hearts of control pigs in each age group did not have lesions.
Virus isolation
Virus was isolated from lungs of all exposed pigs necropsied on day 7 PE but not from lungs of pigs necropsied on day 28 PE (Tables 4, 5) . Virus was isolated from lymphoid organs (spleen, tonsil, and mediastinal lymph node) on days 7 and 28 PE and infrequently isolated from nasal swabs, fecal swabs, and urine. Virus was isolated from buffy coats on day 1 PE (serum and plasma were not cultured on day 1 PE) and from the serum, plasma, or buffy coat from at least 2 pigs at each sampling period throughout the trial. The virus was not isolated from liver, kidney, or conjunctival swabs of exposed pigs. Results of virus isolation were negative in all control pigs at all sampling periods throughout the course of the trial.
Microbiology
Fluorescent antibody examination of lungs from principal and control pigs was negative for swine influenza virus and Mycoplasma hyopneumoniae. Haemophilus parasuis was cultured from the lung of 1 4-week-old control pig on day 7 PE, and Pasteurella multocida was cultured from the lung of 1 10-weekold principal pig on day 28 PE. Electron microscopic examination of feces from 1 4-week-old principal pig was positive for rotavirus. One 4-week-old principal pig died on day 23 PE from Escherichia coli polyserositis/septicemia.
Serology
All control pigs remained PRRSV seronegative throughout the trial. All principal pigs seroconverted by day 14 PE, with 1 10-week-old pig seroconverting by day 7 PE. The geometric mean antibody titers in the 1-, 4-, and lo-week-old pigs on day 28 PE were 1,280, 1,280 and 970, respectively (Fig. 8 ).
Discussion
One-, 4-, and 10-week-old pigs had similar responses to PRRSV exposure based on clinical signs, white blood cell count, microscopic changes, virus isolation, and seroconversion. Periocular edema (in the 1-week-old pigs) without microscopic lesions, scrotal edema, and the duration of fever were not uniform findings in each age group. Periocular edema is a clinical sign observed in young pigs exposed to PRRSV. 18 The edema may be caused by an increase in local endothelial permeability or by an increase in efferent lymphatic pressure secondary to regional lymphadenopathy. The prolonged and recurrent fever in 1-and 10-week-old pigs suggests a prolonged or recurrent infection, a hypothesis supported by the isolation of virus from serum, e unexpected finding was the prolonged nature of the interstitial pneumonia (up to 28 days PE in this trial), especially because PRRSV was not isolated from lung on day 28 PE. The persistence of inflammatory cells in the lung may represent a response to local viral replication between days 7 and 28 PE. Viremia on day 28 PE without virus isolation from the lung suggests a low virus titer in the lung. The increased interstitial cell population may contribute to the decreased pulmonary function resulting in dyspnea/cuplasma, and buffy coat samples in all PE collection periods throughout the trial. Lymphopenia, a common response to many viral infections, and leukopenia were consistent changes among age groups and represent a reliable marker of response to experimental infection.
Microscopic changes in the lung are consistent with past descriptions of PRRS interstitial pneumo- Table 5 . Virus isolation from plasma, buffy coat, or serum collected from pigs experimentally exposed to porcine reproductive and respiratory syndrome virus. taneous erythema after physical exertion. The lymphocytic peribronchitis may have been caused by an undetected Mycoplasma hyopneumoniae infection or may represent a lesion of PRRSV infection. The interstitial increase in lymphocytes in control pigs was not due to PRRSV infection, because virus was not isolated from control pigs nor did they seroconvert. Although gram-negative infection may have contributed to pneumonic lesions in 3 of the pigs, most of the lungs did not yield growth of pathogenic gram -negative bacteria.
Lymph node enlargement and the depletion of splenic lymph follicles with karyorrhectic and vacuolated ellipsoids have been described in PRRSV-infected conventional and specified-pathogen-free pigs, but lymphoid necrosis has not been reported. 18, 21 The multitude of lymphoid tissue with necrosis indicates viral distribution to these sites through blood and/or lymph with subsequent necrosis. The presence of necrosis, predominately in lymphoid follicles, might indicate viral replication in these tissues. Isolation of PRRSV from several lymphoid tissues on days 7 and 28 PE supports this conclusion; however, virus titrations or demonstration of virus in specific cell types is required to unequivocally demonstrate that viral replication is occurring in tissue and is not a result of concurrent viremia. Vaccination (for Brucella abortus, Escherichia coli, and pseudorabies virus) resulted in only a mild increase in germinal center numbers and blast lymphocytes in control pigs.
Pigs in all age groups had myocarditis on day 28 PE. This lesion was a late feature of the disease. Myocarditis and cardiomegaly have been reported in field cases and have been experimentally reproduced. 9, 13 The extent of permanent myocardial damage and its relationship to alterations in cardiac function is unknown.
Lymphocytic perivascular cuffing and multifocal gliosis in the brain are consistent with findings in previous PRRSV experimental infections but because similar lesions were seen in some control pigs, a conclusive statement of brain lesion significance in this case cannot be made. 9, 13 Cultures from control pig brain samples were negative for PRV, PRRSV, adenovirus, encephalomyocarditis virus, hemagglutinating encephalitis virus, parvovirus, reovirus, enterovirus, and swine influenza virus.
in Increased numbers of lymphocytes and plasma cells the nasal turbinate lamina propria of 1-week-old exposed pigs suggests virus penetration, either passive or active, of nasal mucosa and subsequent inflammatory reaction. Turbinate lesions characterized by loss of ciliated epithelium, small intraepithelial cystic spaces, intraepithelial neutrophils, and increased numbers of mononucl ear cells in the lamina propria have been reported. 9,2l The presence of turbinate lesions in 4-and 10-week-old principal and control pigs suggests an inflammatory response prior to experimental PRRSV exposure, so the contribution of PRRSV to turbinate inflammation could not be determined. The role of PRRSV in turbinate inflammation would probably best be determined in gnotobiotic pigs.
Serum was consistently the best source of virus throughout the trial. Lung and lymphoid tissue were the most consistent tissue sources for virus isolation early in the disease, whereas virus was isolated only from tonsil, spleen, and mediastinal lymph node at the end of the trial. This finding suggests initial pulmonary infection with virus clearance from the lung on or before day 28 PE and virus persistence in lymphoid tissue. Feces, nasal secretions, and urine contained virus and represent routes for virus shedding.
Pigs seroconverted to PRRSV as early as 7 days PE, and high levels of circulating antibodies were present by day 14 PE. 18 PRRSV antibodies produced early in the disease were apparently not effective in virus clearance because high levels of circulating antibodies were concurrent with viremia. Lactate dehydrogenase-elevating virus infection also induces antibodies that are not protective early in the course of the disease, but this is not a feature of SHF and EAV infection. 7, 20 A comparison of clinical signs and hematologic changes associated with PRRSV with those associated with related viruses reveals similarities to SHF virus, EAV, and LDEV. l,2,6,19,23 Fever is a prominent clinical finding in both SHF and EAV, with a prolonged fever of up to 9 days described in EAV infection. Facial edema and cutaneous erythema are clinical signs commonly seen with SHF, as is dependent leg edema with EAV. White blood cell changes in EAV are characterized by panleukopenia with marked lymphocyte depression. Leukopenia usually occurs l-3 days after the onset of fever and persists for 4-l0 days. Monkeys infected with SHF virus have only a slightly depressed leukocyte count, and mice infected with LDEV have a transient lymphopenia of 3 days duration.
Lymphadenopathy and lymphoid necrosis are described in EAV, SHF, and LDEV. 1, 2, 22, 23 Marked centrifollicular necrosis occurs in all lymph nodes, tonsil, and spleen and commonly occurs in ileal submucosa1 lymphoid nodules with SHF. EAV infection causes massive lymphoid necrosis of bronchiolar, mesenteric, cecal, and colonic lymph nodes on day 9 PE. An increase in germinal center size and number with a random pattern of necrotic cells occurs in experimental LDEV infection. In this trial, PRRSV caused lymph node hypertrophy and hyperplasia with or without necrosis in multiple lymphoid organs ( Table 2) .
PRRSV is similar to several arteriviruses based on structural and genomic similarities. 4, 17 The findings presented here indicate that PRRSV also exhibits strik-ing similarities to these viruses in clinical, hematologic, gross, and microscopic alterations. In the present study, PRRSV ATCC VR-2332 infection caused interstitial pneumonia, lymphoid necrosis, myocarditis, transient leukopenia, and persistent viremia in I-, 4-, and 10week-old pigs.
